The southern westerly winds (SWW) exert a crucial influence over the world ocean and climate.
Introduction
The southern westerly winds (SWW) and their associated storm tracks dominate the midlatitude dynamics of the Southern Hemisphere atmosphere and influence the extratropical large-scale temperature and precipitation patterns [Thompson and Solomon, 2002; Garreaud, 2007] . Changes in the strength and/or the position of the SWW may affect the ocean circulation through the impact on the Antarctic Circumpolar Current and the wind-driven upwelling of deep water in the Southern Ocean [Toggweiler and Samuels, 1995; Sijp and England, 2008] . So far, there is surprisingly little systematic knowledge about orbital to millennial scale changes of the SWW during the Holocene (11.5 ka B.P. to the present). Available reconstructions of the paleo-SWW which are primarily based on precipitation/moisture proxies and their correlation to wind changes reach contradicting conclusions with respect to the strength and/or position of the SWW over the Holocene [Fletcher and Moreno, 2012; Kilian and Lamy, 2012] . For the mid-Holocene, for instance, some studies indicate a northward displacement and/or increased intensity of westerly flow (relative to the early Holocene) [e.g., Shulmeister, 1999; Jenny et al., 2003; Moreno, 2004; Shulmeister et al., 2004; Moreno et al., 2010] ; whereas, others show a southward displacement and/or weaker intensity of westerly flow [e.g., Nicholson and Flohn, 1980; Moros et al., 2009 ]. These inconsistencies have been, at least partly, attributed to unclear relations between paleoprecipitation and the mean westerly winds, restricted proxy understanding, and/or unavailable proxy calibration [Kilian and Lamy, 2012; Kohfeld et al., 2013; Sime et al., 2013] . Hence, this issue is still a matter of discussion, and consensus remains elusive. Therefore, new approaches are required to address paleo-SWW variability throughout the Holocene. Garzoli, 2011] (Figure 1 ). We investigated a north-south transect of three marine sediment cores from the midlatitudes of the western South Atlantic (Figure 1 and Table 1 ) covering the modern extent of the BMC. This enabled us to reconstruct the meridional variability of the BMC in response to latitudinal changes in the position of the SWW throughout the Holocene.
Modern Setting

The Brazil-Malvinas Confluence
The BMC is characterized by the encounter of the southward flowing Brazil Current (BC) and the northward flowing Malvinas (Falkland) Current (MC) [Peterson and Stramma, 1991] (Figure 1 ). This encounter takes place at approximately 38°S, generating one of the most energetic regions of the world ocean. The subantarctic waters of the MC and the subtropical waters of the BC collide in the upper 800 m of the water column, which make the BMC a major ventilation area for much of the South Atlantic thermocline [Gordon, 1981] . The Figure 1 . Modern annual mean temperature and surface winds in the western South Atlantic. (a) The color chart represents annual mean temperature (°C) at 350 m water depth (WOA09), within the apparent calcification depth of planktonic foraminifera Globorotalia inflata in the South Atlantic [Groeneveld and Chiessi, 2011] . The black arrows indicate upper level ocean circulation [Peterson and Stramma, 1991] . The thin gray arrows indicate the annual mean zonal wind based on NCEP/NCAR reanalysis data [Kalnay et al., 1996] . The thick gray arrows depict the position of the southern westerly winds (SWW). The white stars show the position of the investigated sediment cores. Site GeoB13862-1 is ideally situated to monitor past changes in upper level circulation because it is located approximately beneath the modern mean position of the Brazil-Malvinas Confluence (BMC) that separates colder subpolar waters to the south from warmer subtropical waters to the north. (b) Signature of the BMC in the oxygen isotopic composition (δ 18 O) of G. inflata from surface sediments [Chiessi et al., 2007] . combined flow of the two currents causes a strong thermohaline frontal zone characterized by sharp temperature and salinity gradients. A marked seasonal variability in the location of the BMC of up to 900 km along the continental shelf break has been described from satellite [Olson et al., 1988; Goni and Wainer, 2001; Saraceno et al., 2004] and (sub) surface observations [Garzoli and Bianchi, 1987; Olson et al., 1988; Garzoli and Garraffo, 1989] . Numerical studies indicate that the seasonality of the position of the BMC is governed by seasonal north-south displacements of the South Atlantic wind stress pattern [Matano et al., 1993] . Accordingly, during austral summer, the BMC reaches its southernmost position, while during austral winter, it reaches its northernmost position ( Figure 2 ). In addition to the seasonal variability, strong interannual variability forced by anomalous wind patterns south of the confluence has also been described [Garzoli and Giulivi, 1994] . A recent (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) southward shift of À0.6 to À0.9°decade À1 in the BMC latitude is suggested as a direct response to a southward shift in the maximum of the wind stress curl across the South Atlantic basin associated with a weakening of the northern portion of the SWW [Lumpkin and Garzoli, 2011] . Lumpkin and Garzoli [2011] show that seasonal to decadal variability in the latitude of the confluence is governed by large-scale atmospheric dynamics, more precisely by the latitude of the maximum wind stress curl across the South Atlantic basin which is linked to the northern portion of the SWW. Due to the close relationship between the South Atlantic wind field and the position of the BMC, it has been suggested that the latitude of the maximum wind stress curl can serve as a proxy for the latitude of the BMC at longer time scales [Oke and England, 2004; Sijp and England, 2008; Lumpkin and Garzoli, 2011] . The tight coupling between the BMC and the regional South Atlantic wind field in combination with the steep meridional thermohaline gradient assigns the confluence a great potential for reconstructing past variations of the SWW.
Planktonic Foraminifera δ 18 O as a Proxy for the Position of the Brazil-Malvinas Confluence
We used the stable oxygen isotopic composition (δ 18 O) of the deep-dwelling planktonic foraminifera Globorotalia inflata as a proxy for the position of the BMC [Chiessi et al., 2007] (Figure 1 ). This species commonly occurs in high amounts from subtropical to subpolar conditions with an apparent calcification depth of 350-400 m in the South Atlantic [Groeneveld and Chiessi, 2011] and is therefore relatively less sensitive to seasonal and other short-term variations of the BMC than surface-dwelling species of foraminifera [ Chiessi et al., 2007] . Figure 1 shows the oxygen isotopic composition of G. inflata from modern surface samples of the western South Atlantic encompassing the BMC [Chiessi et al., 2007] . The δ 18 O of G. inflata depicts a sharp gradient of 2‰ at the confluence with remarkably stable values north and south of the BMC. Chiessi et al. [2007] suggested therefore the oxygen isotopic composition of G. inflata as the most reliable indicator for the present position of the BMC, which can be used to derive past migrations of the front. Further, quantitative estimates of the deviation from the BMC's modern position (in degrees of latitude) can be obtained by using the modern δ 18 O gradient across the BMC [Chiessi et al., 2007] and the ice volume corrected δ 18 O (δ 18 O ivc ) record of GeoB13862-1 (as this site is located approximately beneath the modern mean position of the BMC; Figure 1 ) (see Materials and Methods).
It is worthy of note, though, that an oceanic area like the BMC is highly dynamic [Peterson and Stramma, 1991] . This potentially results in δ 18 O of G. inflata that are much more variable than in stable open ocean areas [e.g., Groeneveld and Chiessi, 2011] . The large variability under the BMC can be assessed by calculating the standard deviation of G. inflata δ 18 O from bins of five adjacent core tops of the data set published in Chiessi et al. [2007] . The average standard deviation for bins originating from the BMC is 0.47‰, while bins to the north and to the south of the BMC result in significantly smaller values (0.23 and 0.10‰, respectively). Accordingly, the gradient we used to reconstruct variations in the past position of the BMC denotes an idealized case. Nevertheless, we are confident that the reconstructed long-term variations of the BMC shown here are representative, since the amplitude of the downcore changes (up to 2‰) are larger than the core top variability under the influence of the BMC (0.47‰).
Materials and Methods
We investigated a north-south transect of three marine sediment cores (GeoB6211, GeoB13862-1, and GeoB6308) from the midlatitudes of the western South Atlantic ( Figure 1 and (Table 1) .
Age Model
All three sediment cores investigated in this study have age models based on 14 C accelerator mass spectrometry (AMS) analyses obtained on planktonic foraminifera (Table 2) . Composite record GeoB6211 was produced merging the gravity core GeoB6211-2 and the companion multicore GeoB6211-1 [Schulz et al., 2001] . Parts of the 14 C ages to produce the age model of GeoB6211 as shown here were originally published in Chiessi et al. [2008] , a second part in Razik et al. [2013] , and a third part in Chiessi et al. [2013] . The age model for GeoB13862-1 [Krastel and Wefer, 2012] was already published by Voigt et al. [2013] . Composite record GeoB6308 was produced merging the gravity core GeoB6308-3 and the companion multicore GeoB6308-1 [Bleil et al., 2001 ]. The age model for GeoB6308 is based on previously published (GeoB6308-3) [Lantzsch et al., 2014] and new (GeoB6308-1) 14 C AMS analyses performed on monospecific samples of the planktonic foraminifer G. inflata (Table 2) . To produce the composite records, we synchronized each gravity core with its respective multicore based on the 14 C AMS results.
Calibration of the conventional radiocarbon ages was performed with CALIB 6.0 by applying the Marine09 calibration curve [Reimer et al., 2009] and no ΔR. Age models were obtained by linear interpolation of calibrated ages. Modeled reservoir ages (http://www.reservoirage.uni-bremen.de) [Franke et al., 2008] suggest that reservoir age may vary by ±100-200 years across the frontal zone, which might cause stratigraphic uncertainties while comparing our three records. The fact that our northern core (i.e., GeoB6211) was dated with shallow-dwelling foraminifera (i.e., Globigerinoides ruber/Globigerinoides sacculifer), while our two southern cores (i.e., GeoB13862-1 and GeoB6308) were dated with deep-dwelling foraminifera (i.e., G. inflata) might cause some additional stratigraphic uncertainties because of a local offset of ±100-150 years between the surface/mixed layer and 350-400 m water depth (i.e., the apparent calcification depth of G. inflata in the South Atlantic [Groeneveld and Chiessi, 2011] ). Altogether, stratigraphic uncertainties could potentially have some effect over intercore comparisons based on centennial scale variations. For longer time scales, in particular for the long-term orbital trends described here, potential changes in the reservoir ages across the BMC or at different water depths in the upper water column seem to be negligible.
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Stable Oxygen Isotope Analyses
For each sample, approximately 10 specimens of G. inflata were selected. Evidences for changes in shell chemistry of G. inflata by addition of secondary calcite during the final phase of their ontogenetic cycle highlight the importance of a careful selection of individual G. inflata specimens when producing downcore geochemical records [Lončarić et al., 2006; Groeneveld and Chiessi, 2011] . To reduce the potential bias caused by different size fractions and states of encrustation [Groeneveld and Chiessi, 2011] , we selected only nonencrusted specimens of G. inflata in the size range between 315 and 400 μm with three chambers in the final whorl.
Stable oxygen isotopes were analyzed on a Finnigan MAT 251 mass spectrometer coupled to an automated carbonate preparation device at the Department of Geosciences, University of Bremen. The isotopic composition of the carbonate sample was measured on the CO 2 gas produced by the reaction of foraminiferal carbonate with phosphoric acid at a constant temperature of 75°C. For all stable oxygen isotope measurements, a working standard (Burgbrohl CO 2 gas) was used, which was calibrated against Vienna Pee Dee Belemnite (VPDB) by using (Figure 3 ). For error estimation, we used the minimum-maximum δ 18 O values of BC and MC near the transition zone (i.e., BMC) ( Figure 3 ).
Spectral Analysis
Spectral analyses in the frequency domain were performed with the software REDFIT [Schulz and Mudelsee, 2002] . The program works directly from unevenly spaced data, avoiding the introduction of bias during interpolation. Prior to analysis, the data were linearly detrended with the software PAST [Hammer et al., 2001] .
Transient Holocene Climate Simulation
To assess the skill of a state-of-the-art comprehensive coupled climate model in simulating the paleo-SWW variability and to elucidate potential forcing mechanisms, we analyzed the Holocene portion of the Transient Climate Evolution (TraCE)-21 ka nonaccelerated transient simulation using the Community Climate System Model version 3 (CCSM3) [Liu et al., 2009 [Liu et al., , 2014 He, 2011] . The model has contributed to the fourth assessment report of the Intergovernmental Panel on Climate Change, although the use of a lower-resolution version in the TraCE-21 ka run is owed to the length of the integration period which covers the past 21,000 years. National Center for Atmospheric Research's CCSM3 is composed of four separate components representing atmosphere, ocean, land, and sea ice [Collins et al., 2006] . The resolution used in TraCE-21 ka is given by T31 (3.75°transform grid) in the atmosphere, with 26 layers in the vertical, while the ocean has a nominal resolution of 3°(like the sea ice component) with refined meridional resolution (0.9°) around the equator and comprises 25 levels in the vertical [Yeager et al., 2006] . Starting from the Last Glacial Maximum, the model was integrated to the present subject to realistically varying forcings by orbital insolation, atmospheric greenhouse gas concentrations, continental ice sheets, and meltwater fluxes [Liu et al., 2009 [Liu et al., , 2014 He, 2011] .
Results
Time-Space Variability of the Brazil-Malvinas Confluence
Similar to recent observations [Chiessi et al., 2007] , our northernmost core shows low δ 18 O ivc values (~1.09‰) typical of the BC, whereas our southernmost core shows high δ 18 O ivc values (~2.78‰) characteristic of the MC (Figure 4) . The δ 18 O ivc record of GeoB6211 (GeoB6308) thus indicates a sustained influence of the BC (MC) throughout the Holocene. Moreover, both records show only low-amplitude oscillations (≤0.5‰). In contrast, the δ 18 O ivc record of GeoB13862-1 shows high-amplitude oscillations (up to 2‰), clearly indicating alternated phases of BC and MC influence. The shifts in the δ 18 O ivc record of GeoB13862-1 can therefore be interpreted as north-south displacements of the BMC.
By using the modern δ 18 O gradient across the BMC [Chiessi et al., 2007] and the δ 18 O ivc of GeoB13862-1, we estimated the meridional displacements of the BMC, i.e., its deviations from the confluence's modern position in degrees of latitude (Figure 3 ). To this end, we assume that the δ 18 O gradient across the BMC did not change significantly and that the δ 18 O signal of the BC and the MC remained nearly constant over time. The latter assumption is validated by the GeoB6211 and GeoB6308 δ 18 O records. However, extra caution has to be taken for the period before 9 ka B.P. because GeoB6211 indicates an elevation in δ 18 O ivc by~0.5‰, likely implying a change in the δ 18 O gradient across the BMC. Hence, the assumption that the end-members remain roughly constant through time seems not to be valid before 9 ka B.P., undermining the applicability of our quantitative method before 9 ka B.P. Note that, due to the "ramp-like shape" of the δ 18 O-latitude dependence (Figure 3) , our quantitative approach of latitudinal shifts requires that BMC displacements are sufficiently small such that the δ 18 O values of GeoB13862-1 remain between the GeoB6211 and GeoB6308 δ 18 O values; i.e., GeoB13862-1 does not leave the linear δ 18 O-latitude domain of the BMC which has a width of (Figure 3 ). For millennial and longer time scales, this requirement is always fulfilled. The δ 18 O ivc record of GeoB13862-1 indicates a gradual~1-1.5°southward shift of the BMC from the early Holocene to mid-Holocene (Figure 5a ). We further observe millennial scale changes in the latitudinal position of the BMC of up to~1°in latitude as well as substantial fluctuations at higher frequencies (Figure 5a ). Spectral analysis of the time series reveals pronounced peaks at~2500 years (i.e., 1900-3600 years) and~250 years ( Figure 6 ).
Discussion
Given the close relationship between the latitude of maximum wind stress curl across the South Atlantic and the position of the BMC, we suggest that the reconstructed north-south shifts of the BMC during the 
Paleoceanography
10.1002/2014PA002677
Holocene were intimately linked to latitudinal shifts of the SWW and use the reconstructed BMC position as a proxy for the latitude of maximum wind stress curl [Lumpkin and Garzoli, 2011] . Accordingly, southward (northward) shifts of the BMC indicate decreases (increases) in the strength of the northern portion of the westerlies, consistent with southward (northward) shifts of the SWW.
However, the southward movement of the BMC from the early to mid-Holocene reconstructed here partially contradicts the results from a previous study [Bender et al., 2013] . Bender et al. [2013] suggest the occurrence of an early Holocene northward shift of the Subtropical Shelf Front (STSF) in response to atmospheric forcing. The STSF, in turn, was claimed to be a shallow-water extension of the BMC. However, the mechanistic link between the STSF and the BMC is not well established [e.g., Matano et al., 2010] . Moreover, changes in sea level play a major role on the early Holocene sedimentary dynamics in the region also affecting the position of the STSF [Bender et al., 2013] . Our new data from the BMC may contribute to clarify this issue, since our records show a direct link to the position of the BMC and are not affected by changes in sea level. We therefore assume that the position of the BMC is a more conclusive proxy for the SWW, as suggested by other studies [Peterson and Stramma, 1991; Matano et al., 1993; Sijp and England, 2008; Lumpkin and Garzoli, 2011] .
Hence, considering the modern relationships between the BMC and the regional South Atlantic wind field, our data reflect a gradual~1-1.5°southward movement of the SWW across the South Atlantic from the early to mid-Holocene. Afterward, variability in the SWW is dominated by millennial scale displacements on the order of 1°in latitude with no recognizable longer-term trend (Figure 5a ).
Orbital Scale Variability of the Southern Westerly Winds Across the South Atlantic: A Proxy Model Data Approach
Orbital scale changes in insolation are the most commonly invoked driver of multimillennial scale changes in atmospheric circulation via their effect on meridional sea surface temperature (SST) gradients which might have caused long-term variations in the structure, position, and intensity of the SWW. In a multimodel study, Varma et al. [2012] found that long-term southward movements of the SWW are consistent with orbital forcing during the Holocene.
However, orbital scale changes of SWW during the Holocene have been discussed controversially with respect to the strength and/or position of the SWW [Lamy et al., 2010; Fletcher and Moreno, 2012; Kilian and Lamy, 2012] . Validating our findings with previous reconstructions of the SWW proved to be elusive as there is a substantial incongruity between different proxy records. For the SWW core region in Patagonia (around 50°-53°S), for instance, pollen-based reconstruction of Holocene westerly-derived moisture changes suggest two opposing models of SWW changes [Lamy et al., 2010; Moreno et al., 2010; Fletcher and Moreno, 2011] . One line of evidence suggests a trend of increasing SWW strength over the Holocene Fletcher and Moreno, 2011] , while another comes to the opposite conclusion [Lamy et al., 2010] . These inconsistencies may partly be related to unclear relations between precipitation and SWW strength. A local correlation map between zonal wind strength and precipitation [Garreaud, 2007] shows a generally weak correlation over most Southern Hemisphere landmasses for modern climate (i.e., southern Africa and southern Australia), which casts doubt on several paleo-SWW reconstructions from these regions. Hence, identifying the spatial evolution of the SWW based on a proxy record comparison alone remains difficult due to many inconsistencies or partly opposite interpretations.
In contrast to other paleo-SWW reconstruction, we focus on meridional changes of SWW characteristics (e.g., latitude of maximum SWW wind stress curl and/or SWW edges). Our approach thereby provides a method of reconstructing the integrated wind field across the entire South Atlantic (i.e., information about the large-scale wind field), because shifts in the position of the BMC are reflected in the location of the basin-averaged wind stress curl maximum [Lumpkin and Garzoli, 2011] , that is, a western boundary response to the latitude of maximum equatorward interior flow via sverdrup dynamics. This is an advantage over the commonly used paleohydrologic proxies, which may only provide local information about past wind field changes.
Due to the large-scale and quantitative character of our SWW reconstruction method, our data can readily be compared to climate model output. For that purpose, we calculated the latitude of maximum wind stress curl zonally averaged over the South Atlantic from the Holocene portion of the transient TraCE-21 ka simulation ( Figure 5 ). During the early Holocene, the model simulates a gradual poleward movement of the latitude of maximum wind stress curl across the South Atlantic until~7 ka B.P. in qualitative agreement with our proxy-inferred reconstruction of the BMC position (Figures 5a and 5b) . No discernible long-term trend is simulated afterward until the onset of the industrial period when a dramatic increase in greenhouse gases causes a southward shift of the wind belt. Instead, SWW variability is dominated by millennial scale fluctuations during the middle and late (preindustrial) Holocene, again in qualitative agreement with the data. The position of the SWW core, i.e., the latitude of maximum surface wind speed, shows a similar temporal behavior as the latitude of maximum curl, indicating that changes in the latitude of maximum wind stress curl over the South Atlantic represent wholesale shifts of the SWW belt on long time scales (Figures 5b  and 5c ).
However, a quantitative comparison of model and proxy time series suggests that both the orbitally forced long-term early Holocene trend and the millennial scale SWW fluctuations (related to internal climate variability) are almost an order of magnitude (in terms of degrees latitude) smaller in the model than in the reconstruction. Since variations in the wind curl field across the South Atlantic are related to large-scale atmospheric dynamics, the small simulated variability cannot fully be attributed to the relatively coarse grid resolution of the global climate model. Moreover, recent model intercomparisons have shown that the magnitude of orbitally forced variations in SWW velocities in CCSM3 compares well with other global climate models [Rojas and Moreno, 2010; Varma et al., 2012] . Our results thus suggest that state-of-the-art global climate models underestimate both orbitally forced multimillennial and internal-millennial variability of the SWW.
The latitudinal position of the SWW is influenced by SST gradients that may affect baroclinic eddy growth and momentum flux convergence through changes in tropospheric meridional temperature gradients and static stability [Brayshaw et al., 2008; Chen et al., 2010; Lu et al., 2010; Grise and Polvani, 2014] . This also provides a means by which orbital forcing can drive SWW changes since varying shortwave insolation affects surface temperatures [Varma et al., 2012] . Brayshaw et al. [2008] have shown that SST gradient anomalies close to the latitude of the subtropical jet are particularly effective at modifying midlatitude winds. An enhanced SST gradient close to the subtropical jet leads to an equatorward shift of the midlatitude eddy-driven jet and the associated surface westerlies. Figure 5d displays the temporal evolution of the meridional SST gradient around 30°S, indeed showing a high correlation with the position of the SWW. Given the importance of SST changes in driving low-frequency SWW variability, the underestimated SWW variations in the model are consistent with previous work showing that coupled atmosphere-ocean models substantially underestimate Holocene annual mean SST trends derived from alkenones [Lohmann et al., 2013] . As a shift of the SWW may feedback on the SST field [Sijp and England, 2008] , shortcomings in the simulation of surface wind variability are intimately linked to model biases in the simulation of SST variations.
Millennial Scale Variability of the Southern Westerly Winds-Northern Hemisphere Trigger and Atmospheric Teleconnection
Millennial scale variations dominate most parts of the SWW record (Figures 4 and 5a) . Spectral analyses of the δ 18 O ivc record of GeoB13862-1 revealed statistically significant oscillations of~2500 years ( Figure 6 ). Millennial scale fluctuations at intervals of approximately 2800-2000 years are well known for the Holocene, in particular for the northern North Atlantic region [Mayewski et al., 2004] . Within age-model uncertainties, the timing of millennial scale variability in the SWW seems to be synchronous with significant iceberg discharge events in the North Atlantic during the Holocene [Bond et al., 2001] (Figure 7) . This may indicate a pervasive link between structural changes in SWW and North Atlantic climate perturbations with southward and Kim, 2003; Lee et al., 2011] . A similar atmospheric teleconnection was suggested to play a key role in the atmospheric CO 2 increase during the last deglaciation [Anderson et al., 2009; Toggweiler, 2009] . However, a possible coupling between North Atlantic climate changes and the SWW belt during the Holocene still remains speculative. Although uncertainties in age models suggest some caution on assessing lead-lag relationships during the Holocene, our δ 18 O ivc record from GeoB13862-1 shows the best correlation (r = 0.56, p < 0.01) to the North Atlantic drift-ice record [Bond et al., 2001] when a time delay of 350 years is considered (Figure 7) . Other mechanisms might also have produced SWW millennial scale reorganizations, in particular through oceanic pathways [Knutti et al., 2004] . In order to appropriately scrutinize this issue, the development of high temporal resolution and precisely dated palaeoenvironmental records from the tropics would be of paramount importance. This will help to determine whether atmospheric processes or oceanic mechanisms acted as a pacemaker for interhemispheric abrupt Holocene climate changes.
Conclusion
Here we present high temporal resolution planktonic foraminifera δ 18 O records from the western South Atlantic that reveal Holocene orbital-to-millennial scale migrations of the BMC, a highly sensitive feature for changes in the position and strength of the northern portion of the SWW. Through the tight coupling of the BMC to the regional wind field, this study allows for the first time reconstructing Holocene temporal and spatial evolution of the SWW across the South Atlantic. Our data suggest a gradual orbitally forced~1-1.5°p oleward movement of the SWW during the early to mid-Holocene. Afterward, variability in the SWW is dominated by millennial scale displacements on the order of 1°in latitude with no discernible long-term trend. The temporal and spatial evolution of the SWW during the Holocene is, given their importance for regional and global climate, a significant challenge to climate modeling attempts at predicting future climate change in the Southern Hemisphere extratropics. Climate models predict a southward movement of the SWW by about 1°of latitude in response to a doubling of atmospheric CO 2 [Russell et al., 2006] . The results presented in this study suggest that natural millennial scale variability of the SWW position is of the same order of magnitude, while climate models tend to substantially underestimate natural variability at these time scales. Modeled projections of future SWW shifts are therefore highly uncertain given the potential interference of anthropogenic changes in the zonal winds with internal low-frequency variability barely captured by general circulation models.
